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(54) Method for producing silicon for use in solar cells 

(57) Method for producing highly purified silicon for 
use in solar cells by a single solidification purification, 
poring silicon into a mold and gradually fractionally 
solidifying it while regarding solidification of the liquid 
surface followed by purifying the solidified silicon by 
zone melting or applying continuous casting using an 
electromagnetic mold, or by zone melting in combina- 
tion with continuous casting, and optionally causing 
directional solidification to concentrate impurities, 
leaching and recycling. 
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Description 

BACKGROUND OF THE INVENTION 
Field of the Invention 

The present invention relates to a method for producing silicon that is suitable for use in making solar cells. This 
technology enables effective production of highly purified silicon for use in solar cells. 

Description of the Related Art 

Elemental impurities such as P, B, C, Fe, Al, Ti and O in silicon for use in solar cells needs to be controlled. Impu- 
rities of P. B, Fe, Al and Ti should be below about 0.1 ppm, and impurities of C and O should be about 5 to 10 ppm to 
ensure desired energy conversion efficiency. In addition, large amounts of purified silicon should be available inexpen- 
sively in order to make wide use of it in solar cells. 

Conventionally, silicon for use in solar cells has been mainly produced by about the same methods as silicon 
intended for use in semiconductors; i.e., by gas-phase methods as shown, for example, in Fig. 3 of the appended draw- 
ings. The method comprises reducing highly purified silicon oxide (Si0 2 ) with high purity carbon to produce a liquid of 
so-called crude metallurgical grade silicon, which has low purity; converting the metallurgical grade silicon into a silane 
compound; highly purifying the silane compound by distillation; and forming a substrate by solidification after purifying 
silicon by precipitation. This gas-phase method for mass-production not only has a high production cost, but its yield is 
low. It has such a high purity that elemental impurities such as B must even be added later. 

In another conventional method for purifying silicon that is excellent for use in solar cells, using metallurgical grade 
silicon as a starting material, purification may be accomplished by use of a following metallurgical process. 

As shown for example in Fig. 4A of the drawings, part of the metallic elemental impurities (such as Al, Ti, Fe and 
the like) are removed by directional solidification after eliminating P by vacuum refining, melting the silicon again to 
remove B and C by oxidative refining, and applying finish solidification purification which serves both to eliminate metal- 
lic impurities after de-oxidation and to produce an ingot. In other words, metallic impurities such as Al, Fe, Ti and the 
like in the metallurgical grade silicon are eliminated by two directional solidif ications, taking advantage of the small solid- 
liquid partition coefficient of the impurities. C is precipitated on the surface during the solidification step or is eliminated 
as CO gas when C is present as a solid solution; P is eliminated in vacuum by taking advantage of its high vapor pres- 
sure; and B is eliminated by oxidative purification by adding H 2 0, C0 2 or 0 2 . This metallurgical process enables mass- 
production with large scale facilities. 

However, important problems remain. A different treatment is required for removing each impurity. Two complicated 
solidification purification steps are needed, and the process has low yield due to cutting off the top portion of the silicon 
ingot. There is also the high cost of electricity. 

In the solidification step of Fig. 4A, metallic impurities tend to concentrate at one location in the molten metallurgical 
grade silicon as the solidification step nears its end. After solidification the portion of the ingot that contains the concen- 
trated portion of the impurities may be cut off and discarded. 

Since the cut-off portion accounts for about 20% of the solidified ingot, removal of this portion lowers the silicon 
yield. Productivity of the process shown in Fig. 4A would be greatly improved, and silicon for use in solar cells could be 
produced at a lower cost, if this silicon portion could be recycled. 

OBJECTS OF THE INVENTION 

Accordingly, an important object of the present invention is to provide a method for producing highly purified silicon 
for use in solar cells by single-step solidification purification at finish refining steps. 

Another object is to provide a method for re-use of substandard silicon, wherein relatively impure products can be 
recycled and re-used as starting materials for producing silicon that is suitable for use in solar cells. 

SUMMARY OF THE INVENTION 

In accordance with one feature of the present invention, we have found that molten metallurgical grade silicon, after 
reduction with carbon, may be directly poured into a mold having a special dimensional factor. This factor, in terms of 
height/(mean cross section of the mold/rc) 1/2 , is about 0.4 or more. The mold is preferably preheated. Then the molten 
silicon can be slowly cooled from about 700° to 1100°C toward eventual solidification, while heating or heat-insulating 
the liquid surface. The solidification rate is preferably adjusted to about 10 mm/min or less. The method is characterized 
in that the solidified silicon is purified by omitting the foregoing solidification pre-purif ication step at finish refining steps. 
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The thickness of liquid in the mold is measured during solidification, as with an ultrasonic range finder, for example. 
The liquid may be discharged along with the contained impurities when the measured value reaches a desired level. 

It is possible to change the conventional two-step solidification purification process to a single-step process at finish 
refining steps by pre-treating the metallurgical grade silicon starting material to decrease the content of metallic ele- 

5 mental impurities such as Fe and Al to less than about 1000 ppm. Since the liquid silicon in which the impurities are 
concentrated may be discharged before the liquid completely solidifies in the one-step solidification process. Further, 
the pre-heating purification step is simplified and the purification time is shortened, thereby improving the yield of silicon 
in the entire process. Consequently, highly purified silicon of suitable quality for use in solar cells can be produced better 
and much more inexpensively than before. 

10 In accordance with another feature of present invention, the metallurgical grade silicon may be purified by vacuum- 
melting the silicon to eliminate P, and eliminating B and C by introducing an acidic gas mixed with an inert gas, without 
solidifying the molten silicon, followed by eliminating O by de-oxidation at high temperature, solidifying in a mold to pro- 
duce a solidified silicon rod, and zone-melting the rod to eliminate Fe, Al, Ti and Ca. Alternative steps will further be 
described hereinafter. 

15 The resulting solidified silicon rod may be molded to eliminate B and C. This is done in an atmosphere of an inert 
gas or in a vacuum after melting the metallurgical grade silicon. It can be followed by eliminating P under reduced pres- 
sure, before solidifying the liquid. 

It is advantageous for effectively molding the solidified silicon rod to withdraw the rod continuously out of the mold 
by continuous casting, using an electromagnetic mold, and by applying the zone-melting treatment along with the con- 

20 tinuous casting withdrawal. The electromagnetic mold serves to stir the molten silicon in the mold, as well as to form a 
gap between the mold and the molten silicon, thereby enabling non-contact solidification. 

The zone melting method is readily accomplished with high frequency heating coils disposed around the solidified 
silicon rod. The coils are readily controlled to effect successive, repeated, partial melting, cooling and solidification of 
the silicon. Improved purification can be achieved by repeating the process if the extent of impurity reduction is not sat- 

25 isfactory at first. Moreover, several repeated purification steps may be used, with the use of a plurality of separately con- 
trolled high frequency coils. These shorten the processing time compared to the time required when only a single step 
of zone melting is applied. Accordingly, a combination of zone melting method with continuous casting makes it possible 
to achieve highly efficient purification with low production cost. 

One-step purification was made possible in the solidification refining process described. However, the concentrated 

30 portion of the ingot, containing the impurities, was heretofore cut off and discarded. This discarded part often accounted 
for about 20% of the top portion of the ingot. 

Through microscopic observation of the cut-off portion we have found that the metallic elemental impurities, as (Fe, 
Al) - Si compounds, had a tendency to concentrate at crystal grain boundaries with a width of about 20 urn. The crystal 
grain diameter of each crystal has been found to be about 0.5 to 2 mm. When the cut-off portion was crushed, it cracked 

35 along the crystal grain boundaries, thereby predominantly exposing the grain boundaries on the surface. 

We have now discovered means for removing the impurities from the concentrated portions as another feature of 
present invention. This is done by crushing the concentrated impurity portion of the ingot and leaching the impurity ele- 
ments from the crushed pieces by applying an acid solution. The molten metallurgical grade silicon is directionally solid- 
ified and elemental impurities are eliminated from the aforementioned concentrated portion as discussed. This is done 

40 by cutting off the impurity-concentrated portion of the ingot for recycling as a starting material. 

Regarding recycling of the metallurgical grade silicon, in one embodiment, the portion of the ingot containing con- 
centrated impurities is cut off and crushed into grains having a maximum diameter of about 5 mm. In another embodi- 
ment, impurities are leached from crushed grains under the action of a mixed acid solution containing hydrofluoric acid 
and/or nitric acid. 

45 Since the elemental impurities may be extracted with an acid solution and by crushing, most of the elemental impu- 
rities can be eliminated by transferring the grains into the acid solution. Consequently, recycling of metallurgical grade 
silicon is achieved, thereby greatly improving the yield of silicon. 

Conventional metallurgical grade silicon has been obtained by solidifying the liquid silicon poured into a shallow 
vessel with a wide cross-sectional area (so-called pallet) after reducing silicon oxide with carbon in an arc furnace. How- 

so ever, since the metallurgical grade silicon obtained by the method described above contains 1 000 to 2000 ppm of metal- 
lic elemental impurities such as Fe and Al, the solidification purification step must be repeated twice in the method 
shown in Fig. 4A, for example. 

In the conventional solidification process, about 20% of the solidified portion where elemental impurities are con- 
centrated must be cut off and removed. Accordingly, the requirement for twice applying the solidification purification 

55 process at finish refining steps greatly affects the production cost. When post-treatment steps of the solidified silicon 
are required, the solid needs to be melted again, making it possible to improve the production process with respect to 
energy consumption . 

In conventional processing, silicon intended for use in solar cells has been produced by oxidative refining of metal- 
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turgical grade silicon formed by reducing silicon oxide with carbon, solidification pre-purrfication. vacuum refining, and 
solidification finish purification. 

BRIEF DESCRIPTION OF THE DRAWINGS 

5 

Fig. 1 is a vertical cross-sectional illustration of pre-treatment of metallurgical grade silicon according to the inven- 
tion. 

Fig. 2 is a perspective view showing a palette type mold used for solidifying the liquid, (conventional) 
Fig. 3 is a flow diagram of a conventional method for purifying silicon. 
w Figs. 4A and 4B are flow diagrams illustrating methods for producing silicon for use in solar cells; Fig. 4A is a con- 
ventional one; Fig. 4B is an embodiment of a method according to the invention. 

Figs. 5A, 5B and 5C are schematic side elevation views which show different stages in a process according to the 
invention; Fig. 5A shows pre-heating, Fig. 5B shows solidification, and Fig. 5C shows discharge of residual liquid. 
Fig. 6 is a graph indicating inner mold wall temperature versus height. 
15 Fig. 7A is a perspective view of a mold; Fig. 7B is a perspective view of a rod and a heating coil. 
Fig. 8 is an illustration of continuous molding according to this invention. 

Fig. 9 is an illustration of the soaking bath with an acid solution used for recycling metallurgical grade silicon in 
accordance with this invention. 

Fig. 10 is a perspective view illustrating an ingot obtained in a solidification purification process according to this 
20 invention, and 

Fig. 1 1 is a graph showing the relationship between grain size of crushed pieces of silicon and the concentration of 
Fe before and after leaching. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

25 

We have discovered a process for pre-treating metallurgical grade silicon by controlling the solidifying step of the 
liquid silicon from an arc electric furnace, Fe and Al contents can be decreased to a value below about 1000 ppm. 

One example of pre-purif ication is shown in the simplified solidification purification process shown in Fig. 1 . The liq- 
uid silicon 5 is directly poured into a deep mold 1 , in which it can be solidified by a gradual cooling. The surface of the 

30 poured liquid heated by a heating means 3 such as a burner, or is covered with a heat insulator 4, in order to cause the 
solidified surface 7 to move upwardly from the bottom of the mold 1. Consequently, upwardly heat leak in the mold is 
less than heat leak downwardly in the mold. This retards solidification speed and causes the collection of metallic impu- 
rity elements at the upper part of the solidified silicon 6. Directional solidification of this type does not always occur per- 
fectly. In any event, the concentrated portion of the ingot may ultimately be cut off to serve as a starting material for 

35 producing silicon for use in solar cells. 

The interior wall of the mold 1 may be pre-heated prior to pouring of the liquid, as shown in Fig. 5A. The effect of 
this pre-heating is shown in Fig. 6. Pre-heating allows the solidification height of silicon to be increased, thereby improv- 
ing its yield. Heat leak upwardly in the mold is required to be smaller than the downward heat leak in this case, so the 
liquid is heated from above the mold. 

40 It is not always necessary to use the ingot cutting and removing method described above. The liquid need not be 
completely solidified. Instead, shortening of solidification time may be achieved by discharging the upper part of the liq- 
uid silicon 9 (Fig. 5B and 5C) where the impurities are concentrated during solidification, and recycling the discharged 
portion of the liquid to the electric furnace. The solidification step is stopped based on the height of the body of liquid 
where the impurities are concentrated. In other words, volume or thickness of the inner residual liquid 9 is measured 

45 using a ultrasonic range finder (not shown) from above the solidification core 8, to determine its volume. The timing for 
terminating solidification is judged by comparing the measured value with a prescribed value. This prescribed value can 
be determined from the relationship between the degree of impurity concentration and the thickness of the residual liq- 
uid 9 in previous runs of the process. Other methods may be used for measuring the depth of the liquid. 

The operable ratio of height to corresponding diameter of the mold 1 is about 0.2 in a conventional cylindrical mold. 

so When that ratio is less than about 0.2, impurities cannot be concentrated well. The preferred shape of mold 1 is a cyl- 
inder, or a square pipe or reversed cone, for example. The bottom of mold 1 may be cooled if desired, using a cooling 
jacket 2. 

Fe and Ai contents are controlled below about 1000 ppm because metallurgical grade silicon containing a higher 
impurity concentration cannot be purified so as to contain less than the prescribed impurities required for forming silicon 
55 for use in solar cells by a single solidification step. 

The preferable temperature range for pre-heating of the mold is about 700°C to about 1 100°C. When that temper- 
ature is lower than about 700°C, the effect of pre-heating is small. When that temperature is higher than about 1 1 00°C, 
the effect reaches a plateau and heat begins to be wasted. 
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The metallurgical grade silicon, from which the concentrated impurity portion at the upper part of the pre-refined 
ingot 8 is removed, is crushed and purified as will hereinafter be described in detail. It forms silicon that is suitable for 
use in solar cells or for use as a substrate. The pre-purrfied, granular metallurgical grade silicon is melted at a reduced 
pressure of about 10" 4 Torr or less to eliminate P. B and C are removed by oxidation in an oxidative atmosphere under 

5 atmospheric pressure or slightly subatmospheric pressure, followed by de-oxidation in an inert gas (such as Ar) under 
subatmospheric or atmospheric pressure. For example, heat plasma comprising an inert gas (such as Ar, N 2 ) blended 
with about 10% H 2 0 or C0 2 is blown onto the molten silicon to eliminate B and C, followed by de-oxidation at about 
1400 to about 1500°C. Subsequently, the metallurgical grade silicon is subjected to finishing dimensional solidification 
which decreases the metallic impurities to a prescribed level, thereby obtaining silicon for use in solar cells. The order 

io of the vacuum-refining and oxidation-deoxidation steps may be reversed. 

When the pre-purified metallurgical grade silicon is purified, only one step of solidification purification is required, 
as is shown for example in Fig. 4B of the drawings. This prevents energy waste and material loss. Moreover, one of the 
steps in which the impurity concentrated portion of the ingot is cut off can be omitted. This improves the yield of silicon 
and simplifies the production process. 

15 

EXAMPLES 

Example 1 and Comparative Example 

20 Silicon oxide was reduced with carbon, followed by directly pouring it as a liquid into a mold. The performance of 

the invention was evaluated by comparison to the process shown in Fig. 4A, in which commercially available silicon 

which was not subjected to a pre-purification was used as the starting material. 

The chemical composition of metallurgical grade silicon before and after pre-purification is shown in Table 1. The 

yield of silicon and the unit cost of electricity are listed in Table 2. 
25 Silicon for use in solar cells was produced according to the process illustrated in Fig. 4B, using metallurgical grade 

silicon as the starting material. The percentage of silicon that was cut off in the pre-purrfication step was 3 to 1 5%. 

Table 1 



(ppm) 







Fe 


Al 


Ca 


Ti 


P 


B 


35 


before pre- 
purification 


1200 
to 

2100 


500 
to 

1300 


210 

to 

520 


400 

to 

310 


20 
33 


to 


5 to 
12 


40 


after pre- 
purification 
(without pre- 
heating) 


350 

to 

990 


200 

to 

590 


40 to 
120 


29 to 
160 


21 

32 


to 


4 to 

13 


45 


after pre- 
purification 
(with pre- 
heating 


520 

to 

780 


220 

to 

620 


50 to 
110 


35 to 
120 


22 
35 


to 


6 to 
10 



50 



55 
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Table 2 





Yield of silicon (%) 


Unit price of electricity 
(kwh / kg product) 


Example 


no pre-heating 


65 to 74 


45 to 58 


pre-heating at 1000°C 


71 to 82 


51 to 67 


Comparative example 


45 to 53 


70 to 85 



As shown in Table 2, the method for producing silicon for use in solar cells is superior to the duplicated solidification 
purification method. The chemical composition of silicon for use in solar cells obtained by the duplicated solidification 
purification method in the Example and Comparative Example were less than 0.1 ppm of P, 0.1 to 0.3 ppm of B, less 
15 than 0.1 ppm of Fe, less than 0.1 ppm of Al f less than 0.1 ppm of Ti, less than 0. 1 ppm of Ca, less than 5 ppm of O, and 
less than 5 ppm of C. 

In the case of directional solidification purification, the purification efficiency (yield) is determined by the initial impu- 
rity concentration and the solidification speed. Since there are some limitations which stem from the initial impurity con- 
centration, considering the relation between the shape of the ingot and production speed, metallurgical grade silicon in 
20 which the impurity concentration has been decreased to a level below its upper limit should be used. However, the 
present invention alleviates such restrictions. According to the present invention, ingots with a desired purity can be pro- 
duced by eliminating B, C and O after removing P. Alternatively, P may be eliminated after removing B and C followed 
by zone melting to eliminate other metallic impurities. This may be done irrespective of the impurity concentration of the 
starting silicon material. 

25 

Example 2 

As shown in Fig. 7A, a solidified silicon rod 23 was cast by cooling the molten silicon 21 in a long, slender mold 22. 
This was done without using a special mold or applying a heating and cooling procedure to the molten silicon after it 

30 was treated to eliminate P and B. Then, as shown in Fig. 7B, three turns of high frequency heating coils 24 were dis- 
posed around the solidified silicon rod 23. The high frequency heating coils 24 were caused to move in the travel direc- 
tion 25 (Fig. 7B) longitudinally along the silicon rod, thereby successively repeating partial melting, cooling and 
solidification of successive portions of the silicon. The impurities were transferred to the liquid phase portion of the sil- 
icon, depending on their respective partition coefficients, when the liquid silicon was cooled and solidified. This 

35 decreased the impurity concentration in the solid phase. By successively repeating partial melting and solidification of 
the silicon rod, the impurity content in the rod was gradually decreased, thereby purifying the silicon. 

In another embodiment of the present invention as shown, for example, in Fig. 8, the silicon rod was continuously 
cast and pulled out. In this embodiment, molten silicon 21 from which P and B were eliminated in turn-dish 31 was con- 
tinuously poured into a continuous casting mold 33 via a nozzle 32. The molten silicon was stirred and caused to solidify 

40 without contacting the wall 33 by action of an electromagnetic coil 34. The silicon rod (ingot 35) produced by continuous 
casting traveled along the draw direction 37 while passing through a group of high frequency coils 36. Therefore, the 
silicon rod was purified by simultaneously applying continuous casting method and zone melting. This continuous oper- 
ation was performed by adjusting the continuous casting speed to 1 to 3 mm/min. 

After eliminating P, B, C and O, silicon was continuously cast by the apparatus illustrated in Fig. 8, followed by zone- 

45 melting of the rod-like ingot 35. The test results were as follows: 

Production scale: 40 kg 
Dimension of mold: 150 mm x 150 mm 
Casting speed: 2 mm/min 
so High frequency coil: 5 kHz x 3 steps 
Electricity: 800 kWh 

Impurities in silicon after elimination of P and B: 

Fe: 1010 ppm, Al: 1055 ppm 
Impurities in silicon after final purification: 
55 Fe: < 0.1 ppm, Al: < 0.1 ppm 

Fig. 10 is an illustrative drawing of an ingot 47 obtained from solidification purification. Impurities are concentrated 
at a portion which is about 20% from the top of the ingot 47 (oblique line portion in the figure). The portion 48 is dis- 
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carded due to inability of using it in the post-process or as a final product. 

In accordance with the present invention, the portion 48 which is usually discarded can now be recycled as a mate- 
rial suitable for vacuum refining, oxidative refining or solidification pre-purification. Although the portion 48 might be 
crushed and recycled, this would return the previously removed impurities to the same production process. Accordingly, 

s the impurities are removed prior to recycling. 

The portion 48 is crushed, preferably to a maximum grain diameter of about 5 mm. The crushing method is not crit- 
ical, but care should be taken not to allow the crushed silicon to become contaminated with other impurities. The max- 
imum grain diameter in the range described above is preferable because silicon crystals in the cut-off portion 48 of the 
ingot 47 have a grain diameter of 0.5 to 2 mm. Therefore, the ingot is preferentially cracked along the grain boundaries 

10 by crushing. In other words, more grain boundaries are exposed by crushing. This facilitates the leaching speed, or the 
efficiency of removing impurity elements with an acid solution 42 (Fig. 9), as will be apparent. 

The crushed pieces were supplied to a leaching vessel 41 (Fig. 9) and were contacted with acid solution 42 inde- 
pendently supplied. While a continuous processing method using a plurality of leaching vessels is shown in Fig. 9, a 
single leaching vessel may be used. 

is The acid solution 42 was an aqueous solution composed mainly of hydrofluoric acid (used for washing semicon- 
ductors) to which nitric acid, sulfuric acid or hydrochloric acid was appropriately mixed. The amount of the acid solution 
42 was selected depending on the impurity concentration in the silicon to be leached, or the leaching scale. Appropriate 
leaching temperature, stirring method and degree of stirring also were selected considering leaching efficiency. 

The residue after leaching the elemental impurities in the acid solution 42 was finally washed and dried, and recy- 

20 cled to the vacuum refining process to recover silicon as a starting material. 

Example 3 

The concentrated impurity portion 48 was crushed into grains having a maximum grain diameter of 2 mm and the 
25 grains were supplied to the leaching vessel 41 (Fig. 9) . The concentrations of Fe and Al in the metallurgical grade silicon 
subjected to the solidification pre-purification process were 1050 ppm and 780 ppm, respectively. Feed scale of the 
crushed silicon was 5 kg/hr. The acid solution 42 used for leaching was an aqueous solution of HF + HN0 3 or HF + 
HN0 3 + HCI with content of 10% by volume. The flow rate was 10 liters per 1 kg of the crushed silicon. The leaching 
work was carried out by blowing argon into the acid solution 42 at 55°C for 3 hours with stirring. 
30 The results of leaching were evaluated by the decrease in elemental impurities. They are shown in Table 3. The 
data in Table 3 demonstrate that the relatively impure silicon produced in the solidification purification step can be recy- 
cled according to the invention to make good silicon for use in solar cells. The Fe and Al concentrations in the relatively 
impure silicon were reduced to levels that corresponded to, or were less than, concentrations found in metallurgical 
grade silicon usually supplied to the solidification purification process. 

35 

Table 3 



(ppm) 



Extraction 
solution 



HF + HNO3 



before 
leaching 



leaching 
residue 



HF + HNO, + HCI 



before 
leaching 



leaching 
residue 



Impurity 
elements 



Fe 



Al 



7800 



1820 



860 



240 



9300 



1570 



1030 



290 



55 
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Example 4 

The concentrated impurity portion 48 in the ingot obtained in the solidification purification step was crushed. The 
crushed pieces were fractionated using a sieve with a mesh of 1 mm, 2.8 mm, 5.2 mm, and 9.7 mm. Each fraction was 

s extracted with an acid solution in the continuous acid leaching vessel 41 as in Example 3. The feed speed of the 
crushed grains was 10 kg/hr. A 20% aqueous solution of HF + HN0 3 was used for leaching. Leaching was carried out 
for 4 hours at 75°C by blowing nitrogen gas into the acid solution 2 with stirring. 

Impurity elimination by acid leaching with respect to the relationship between Fe concentration before leaching with 
an acid solution and crushed grain diameter is shown in Fig. 1 1 . The data shown in Fig. 1 1 demonstrate that the smaller 

10 the grain diameters, the better Fe was eliminated from the crushed grains. Notably, when crushed grains fractionated 
with a 5.2 mm sieve were leached with an acid solution, the impurities were reduced to about 1/10 of the impurity level 
before leaching. It was found that crushed grains with a maximum grain diameter of 1 mm tend to clog the circulation 
pump. Moreover, there is a possibility that these grains may be discarded inadvertently with the acid solution since the 
grains are finely dispersed in the acid solution. Thus, only a small quantity of these crushed grains of silicon can be 

is recovered. 

Example 5 

The concentrated impurity portion 48 was crushed into grains having a maximum diameter of 3 mm, and the grains 
20 were supplied to the continuous leaching vessel with a feed speed of 8 kg/hr. The grains were subjecting to leaching 
with an acid solution. The acid solution was prepared by adjusting the acid solutions shown in Tables 4 and 5 to an acid 
concentration of 25:5 by volume. The composition of the leaching solution was varied over a wide range to find an 
appropriate composition. The quantity of each acid solution used was 13 liters per 1 kg of the crushed grains. The 
leaching work was carried out by blowing in argon gas for 7 hours with stirring. The temperature of the acid solution was 
25 80°C in all cases. 

The results of leaching were evaluated by the concentration changes of Fe and Al and are as shown in Tables 4 
and 5. With respect to Fe and Al elimination, Tables 4 and 5 demonstrate that use of an acid solutions containing 
hydrofluoric acid and nitric acid are preferred. 

30 
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Table 4 

(ppm) 





Leaching Solution 


HCI 


HNO, 


HjSO. 


HF 








Before 
leaching 


Leaching 
residue 


Before 
leaching 


Leaching 
residue 


Before 
leaching 


Ix aching 
residue 


Before 
teaching 


Leaching 
residue 


10 


Impurity 
clement 


Fe 


5740 


5680 


6220 


6O20 


5930 


5510 


8260 


8030 






Al 


704 




620 


780 


743 


647 


613 


¥03 


882 


15 

























Table 5 



(ppm) 





Leaching *olulion 


HQ ♦ HMO, 


HCI ♦ 


H,SO # 


HCI 


♦ IIF 


HF ♦ 


ILSO, 








Before 


Leaching 
residue 


Before 
leaching 


Leaching 
residue 


Before 
leaching 


Leaching 
residue 


Before 
reaching 


Leaching 
residue 


25 


Impurity 
clement 


Fe 


6340 


6180 


5720 


5510 


6770 


6680 


V360 


7460 






Al 


759 


722 
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35 The method of the present invention produces silicon for use in solar cells in a simplified process while improving 
the yield of silicon recovery, thereby reducing the cost of production of silicon for use in solar cells. 

Claims 

40 1. In a process for producing specially purified silicon for use in solar cells from silicon oxide, the steps which com- 
prise: 

(a) reducing molten silicon oxide with carbon, thereby forming molten metallurgical grade silicon; 

(b) pouring and solidifying the molten metallurgical grade silicon in a mold; 
45 (c) melt the metallurgical grade silicon ; 

(d) refining the molten metallurgical grade silicon, and 

(e) purifying refined molten silicon by single solidification purification step. 

2. The method according to Claim 1 , wherein said molten metallurgical grade silicon is introduced into a mold, forming 
so a liquid having a liquid surface, said mold having a height-area ratio defined substantially by the equation: 

H/(S/n) 1/2 ;> 0.4 

wherein H is the height of the liquid surface and S is the mean cross-sectional area of the mold, 
ss and wherein said introduced molten metallurgical grade silicon is gradually cooled to a solid state while heat- 

ing said liquid surface or heat-insulating said liquid surface to retard solidification, thereby forming solidified metal- 
lurgical grade silicon that is roughly refined. 
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3. The method for producing silicon according to Claim 2, wherein said mold is pre-heated at about 700 to 1 100°C 
prior to introduction of said metallurgical grade liquid silicon. 

4. The method according to Claim 2, wherein the thickness of said metallurgical grade liquid silicon in said mold is 
5 measured during solidification, and wherein said liquid silicon is discharged from said mold when the measured 

value reaches a pre-determined value. 

5. The method according to Claim 3, wherein the thickness of said metallurgical grade liquid silicon in said mold is 
measured during solidification of said metallurgical grade silicon, and wherein said liquid silicon is discharged from 

10 said mold when said measured value reaches a predetermined value. 

6. A method according to Claim 4, wherein the thickness of said metallurgical grade liquid silicon is measured with an 
ultrasonic range finder. 

15 7. A method according to Claim 5, wherein the thickness of said metallurgical grade liquid silicon is measured with an 
ultrasonic range finder. 

8. A method according to Claim 1 , further comprising the steps of: 

20 (a) eliminating P from said metallurgical grade silicon by melting said metallurgical grade silicon under subat- 

mospheric pressure in a container; 

(b) eliminating B and C from said metallurgical grade silicon by introducing into said container an acidic gas 
and an inert gas, thereby forming a mixed gas, and contacting said mixed gas with said liquid while maintaining 
said silicon in the liquid state; 
25 (c) eliminating O by de-oxidation thereafter; 

(d) casting said liquid silicon into a solidified rod; and 

(e) purifying said solidified silicon rod by zone melting to eliminate Fe, Al, Ti and Ca. 

9. The method according to Claim 8, characterized by the steps of 

30 

(a) melting said metallurgical grade silicon, and eliminating P under subatmospheric pressure therefrom while 
maintaining said silicon in a liquid state; 

(b) eliminating B and C by oxidative refining in an atmosphere of an inert gas or under subatmospheric pres- 
sure; and 

35 (c) casting the liquid silicon into a rod. 

1 0. The method according to Claim 8 or 9, wherein the step of casting said liquid silicon rod comprises continuous cast- 
ing in an electromagnetic mold. 

40 1 1 . A method according to Claim 1 , wherein said solidified silicon contains a poor quality portion having a higher con- 
centration of impurities than a comparable good quality portion, comprising the steps of: 

(a) cutting off said poor quality portion from said good quality portion, thereby forming a cut-off portion; 

(b) crushing said cut-off portion, thereby forming crushed silicon; 

45 (c) eliminating said impurities by leaching said impurities from said crushed silicon with an acidic solution; and 

(d) recycling said cut-off portion as metallurgical grade silicon in the process. 

1 2. A method according to Claim 1 1 , wherein said cut-off portion is crushed into grains having a maximum diameter of 
about 5 mm. 

50 

13. A method for producing silicon for use in solar cells according to Claim 11, wherein said acid solution is a mixed 
solution of hydrofluoric acid and nitric acid. 

14. A method according to Claim 2, wherein said solidified silicon contains a poor quality portion having a higher con- 
55 centration of impurities than a comparable good quality portion, comprising the steps of: 

(a) cutting off said poor quality portion from said good quality portion, thereby forming a cut-off portion; 

(b) crushing said cut-off portion, thereby forming crushed silicon; 
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(c) eliminating said impurities by leaching said impurities in said crushed silicon with an acidic solution; and 

(d) recycling said cut-off portion as metallurgical grade silicon in the process. 

15. A method according to Claim 14, wherein said cut-off portion is crushed into grains having a maximum diameter of 



16. A method according to Claim 14, wherein said acidic solution is a mixed solution of hydrofluoric acid and nitric acid. 

17. A method according to Claim 8, wherein said solidified silicon contains a poor quality portion having a higher con- 
centration of impurities than a comparable good quality portion, comprising the steps of: 

(a) cutting off said poor quality portion from said good quality portion, thereby forming a cut-off portion; 

(b) crushing said cut-off portion, thereby forming crushed silicon; 

(c) eliminating said impurities by leaching said impurities in said crushed silicon with an acidic solution; and 

(d) recycling said cut-off portion as metallurgical grade silicon in the process. 

18. A method according to Claim 17, wherein said cut-off portion is crushed into grains having a maximum diameter of 



20 1 9. A method according to Claim 1 7, wherein said acidic solution is a mixed solution of hydrofluoric acid and nitric acid. 
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FIG. 7A 




21 



23 



FIG. 7B 



22 



23 




25 



24 



17 




EPO 867 405 A1 




18 




19 



EPO 867405 A1 



FIG. 10 



47 




ADVANCE DIRECTION 
OF SOLIDIFICATION 




EP 0 867 405 A1 



FIG. 11 



10 



co- 



Is 

CCUJ 
I— 

ZQ 

Oar 

OUi 
(DLL 



.-2 
COO 

zo 
lu <: 

o 



U-CQ 



1.0 



up 



0.01 



1 — | — i — r 



-o 1 



-o 1 



J L 



10 



GRAIN SIZE (mm) 



21 



# 



EPO 867 405 A1 



European Patent 
Office 



EUROPEAN SEARCH REPORT 



Application Number 

EP 98 10 5340 



DOCUMENTS CONSIDERED TO BE RELEVANT 




Category 


Citation of document with indication, where appropriate, 
of relevant passages 


Relevant 
to claim 


CLASSIFICATION OF THE 
APPLICATION (IntCI.S) 


A 


PATENT ABSTRACTS OF JAPAN 

vol. 018, no. 043 (C-1156), 24 January 

1994 

& JP 05 270814 A (KAWASAKI STEEL CORP), 
19 October 1993, 
* abstract * 


1 


C01B33/037 


A 


DATABASE WPI 

Section Ch, Week 9110 

Derwent Publications Ltd., London, GB; 

Class L03, AN 91-070585 

ArUUdUDob4o 

& JP 03 020 422 A (KAWASAKI STEEL CORP) 
* abstract * 


1 




A 
M 


UrtlHDttot Wrl 

Section Ch, Week 9437 

Derwent Publications Ltd., London, GB; 

Class E36, AN 94-299545 

XP002068549 


1 






& JP 06 227 808 A (KAWASAKI STEEL CORP) 
* abstract * 




TECHNICAL FIELDS 
SEARCHED (lnt.CI.6) 


A 


DE 36 11 950 A (SIEMENS AG) 22 October 
1987 

* column 2, line 40 - line 57 * 


1 


C01B 


A 


FR 2 440 913 A (MONTEDISON SPA) 6 June 
1980 

* page 2, line 5 - page 4, line 15 * 


1 




A 


EP 0 007 063 A (COMP GENERALE ELECTRICITE) 
23 January 1980 

* page 6, line 5 - page 8, line 25 * 


1 




The present search report has been drawn up for all claims 







Place of search 

BERLIN 



Date of completion of the search 

18 June 1998 



Examiner 

Clement, J-P 



CATEGORY OF CITED DOCUMENTS 

X : particularly relevant it taken alone 

Y : particularly relevant rl combined with another 

document of the same category 
A : technological background 
O : non-written disclosure 
P : intermediate document 



T : theory or principle underlying the Invention 
E : earlier patent document, but published on, or 

after the filing date 
D : document cited in the application 
L : document cited for other reasons 

& : member of the same patent family, corresponding 
document 



22 



